Abstract Mitochondrial diseases are a genetically and clinically diverse group of disorders that arise as a result of dysfunction of the mitochondria. Mitochondrial disorders can be caused by alterations in nuclear DNA and/or mitochondrial DNA. Although some mitochondrial syndromes have been described clearly in the literature many others present as challenging clinical cases with multisystemic involvement at variable ages of onset. Given the clinical variability and genetic heterogeneity of these conditions, patients and their families often experience a lengthy and complicated diagnostic process. The diagnostic journey may be characterized by heightened levels of uncertainty due to the delayed diagnosis and the absence of a clear prognosis, among other factors. Uncertainty surrounding issues of family planning and genetic testing may also affect the patient. The role of the genetic counselor is particularly important to help explain these complexities and support the patient and family's ability to achieve effective coping strategies in dealing with increased levels of uncertainty.
Introduction
Mitochondrial diseases are a genetically and clinically diverse group of disorders that arise as a result of dysfunction of the mitochondria, which are responsible for making most of a cell's energy in the form of adenosine triphosphate. The biochemical intricacy of oxidative phosphorylation, respiratory chain function, and the contribution of both the nuclear and mitochondrial genomes lead to this complexity [1] .
Some of the commonly observed symptoms associated with mitochondrial disease can be classified into discrete clinical syndromes; however, the presentation and severity of these conditions may vary widely. Patients can present at any age, with almost any affected body system, and symptom severity can also vary widely. These factors can hinder the recognition and diagnosis of mitochondrial disease and clinicians are often left with more questions than answers for families. Genetic counseling is challenging owing to uncertainties about prognosis and recurrence risk.
Mitochondrial disorders can be caused by alterations in nuclear DNA (nDNA) and/or mitochondrial DNA (mtDNA). The mtDNA and nDNA have a symbiotic relationship that is essential for normal functioning of the electron transport chain and mitochondria. Historically, patients with clinically suspected mitochondrial disease would be confirmed through respiratory chain dysfunction and/or biochemical abnormalities, and yet many did not have a known molecular etiology. Genetic testing technology is advancing rapidly and our ability to determine a molecular etiology in mitochondrial disease has improved. In nDNA alterations, in particular, this has enabled clinicians to offer more targeted genetic counseling to families. In this new era of genomic medicine we have an increased ability to detect genetic alterations, yet predicting pathogenicity and prognosis often remains elusive for families. Uncertainties about associated medical issues, cognitive limitations, and life span often persist, even after a molecular diagnosis [2] .
Uncertainty has emerged as a vital element in how families adapt and cope with a new diagnosis [3] . The uncertainty associated with mitochondrial disease makes genetic counseling especially challenging, yet important, in this population.
Family History Risk Assessment
Collection of detailed family history information is important across many disciplines of medicine, not just in a genetics clinic. Family history is a useful diagnostic and risk assessment tool. In mitochondrial disease, where symptoms can vary widely, even within families, a comprehensive pedigree can enable connection of seemingly unrelated symptoms. The identification of specific inheritance patterns can help guide diagnostic testing. In families where there is a clear indication of maternal transmission of disease, mtDNA analysis is more likely to yield an informative result than nDNA analysis. Conversely, when a clear Mendelian pattern of inheritance is identified, nDNA testing may be more informative. Inheritance pattern recognition is important for clinicians evaluating patients with known, or suspected, mitochondrial disease. The key inheritance patterns in mitochondrial disease are outlined in the following sections through case examples to allow for clinical application of these concepts.
Case Example 1
A 4-year-old male presents to a neuro-ophthalmology clinic with new onset decreased visual acuity. He has a history of myopathy and sensorineural hearing loss. Dilated eye examination reveals bilateral optic nerve pallor and the visual evoked potentials are delayed, indicating a conduction defect in the optic nerve. Family history is reviewed and reveals other family members with decreased visual acuity (Fig. 1) .
Autosomal Dominant Inheritance
This family history is typical of an autosomal dominant (AD) inheritance pattern. AD conditions are those that only require 1 mutant gene (allele) to manifest disease. One will often note equally affected males and females, multiple affected generations, and male-to-male transmission. For an individual affected by an AD condition, each offspring has a 50 % recurrence risk. Decreased visual acuity, sensorineural deafness, myopathy, and ataxia all seen in one family could be due to a number of different mitochondrial and neurogenetic conditions. The identification of the inheritance pattern in this example can help narrow molecular testing options.
Optic atrophy, type 1 (OPA1) is an autosomal dominant condition caused by alterations in the OPA1 gene. As with many mitochondrial conditions, there is much inter-and intrafamilial variability in symptoms. Historically, OPA1 was believed to only cause optic atrophy; however, recent analysis suggests that it is often associated with subclinical multisystem neurologic disease [4] . For the parents of this patient, there is a 50 % recurrence risk for OPA1. If a disease-causing mutation is identified in OPA1, targeted testing and reproductive testing options are available to any family members at risk. Counseling difficulties emerge in the ability to predict the likelihood of future offspring only developing 'pure' OPA1 or the risk for the development of other neurological sequelae.
Case Example 2
A 3-year-old female is referred to a neurology clinic for concern of psychomotor regression. She was previously walking, and is now unable to walk independently. Additionally, she has developed a movement disorder. Magnetic resonance imaging (MRI) of the brain reveals bilateral basal ganglia and brain stem lesions. The family reveals that they previously had a son, who had died; he was diagnosed with Leigh's disease (Fig. 2) .
Autosomal Recessive Inheritance
This family history is consistent with an autosomal recessive (AR) inheritance pattern. AR conditions are those conditions Fig. 1 Case example 1 pedigree. The patient's father has a history of decreased visual acuity and an ataxic gait, and he is an only child. The paternal grandmother is deceased, but was reported to have had decreased visual acuity. The remainder of the family history is unremarkable that require 2 mutated alleles to manifest disease. Most of the time, carriers (those with only 1 mutated allele) do not manifest disease, or may only have mild symptoms. Family history will often be unremarkable, unless there is an affected sibling or consanguinity present, and there is an equal risk for both males and females to be affected. In this case example, the affected sibling and consanguineous union make an AR etiology very likely. Two carriers of an AR condition have a 25 % chance of having an affected offspring, a 50 % chance of having a carrier offspring, and a 25 % chance of having an unaffected, noncarrier offspring with each pregnancy. Many of the childhood onset mitochondrial diseases are caused by mutations in AR nuclear genes, such as SURF1. Leigh's disease is an early-onset progressive neurodegenerative disorder with characteristic brain MRI findings, including focal, bilateral symmetric lesions, particularly in the basal ganglia, thalamus, and brainstem [5] . Leigh's disease can be caused by a number of different nDNA and mtDNA mutations. Identifying the AR inheritance in this family history can help to direct the nDNA testing. SURF1 mutations have been identified in a number of individuals with Leigh's or Leigh's-like disease, and/or complex IV deficiency [6] . While AR conditions are evident with the presence of consanguinity and/or affected sibling(s), it remains important to consider this inheritance pattern in many childhood-onset mitochondrial diseases in the absence of a suspicious family history.
Case Example 3
A 7-year-old male has been followed in a neurology clinic for several years owing to a progressive neurodegenerative disorder characterized by seizures, ataxia, and psychomotor regression. He has remained undiagnosed despite extensive testing. At a recent visit, the family notes that his 5-year-old sister seems to have low muscle tone and exercise intolerance, but normal cognition and development (Fig. 3) . 
X-linked Inheritance
The family history in this case example is suspicious for an X-linked inheritance pattern. X-linked inheritance is caused by a mutated X chromosome. Females only require 1 working copy of the X chromosome in each cell in their body and randomly inactivate the other copy of the X chromosome. This is a protective mechanism in females; one of the key characteristics of X-linked inheritance is a family history with only males affected (or males affected more severely than females), and with no male-to-male transmission. The concept of dominant and recessive X-linked inheritance can be blurry owing to X-inactivation. Many diseases that were previously described as X-linked recessive disorders can have females that present with milder symptoms. Additionally, family members may have inaccurate diagnoses that are misleading. In this example, it is possible that the maternal uncle with "cerebral palsy" actually has the same diagnosis as the example patient. The milder presentation of the male patient's sister with hypotonia, exercise intolerance, and lactic acidosis can be seen in X-linked conditions. There are not many known X-linked mitochondrial diseases, but the NDUFA1 gene is on the X chromosome and is known to be associated with complex I deficiency and a progressive neurodegenerative presentation [7] . Female carriers were previously thought to be asymptomatic, but there are recent reports of mild symptoms, such as hypotonia and lactic acidosis [8] . This may be due to skewed X-inactivation in some carrier females. In this family the less severely affected female and two possible associated neurodegenerative conditions in maternally-related males helped to identify the X-linked inheritance pattern. There is a 50 % recurrence risk in this family, but it would be expected that males would have a more severe presentation and female carriers may have no symptoms or only mild symptoms. In X-linked conditions where female carriers are asymptomatic, the recurrence risk in any pregnancy is 25 % (50 % chance that the mother passes on the mutation and 50 % chance that the offspring is male).
Case Example 4
A 9-year-old female presents to the emergency room with new-onset seizures. She has a history of learning disability and short stature. She is afebrile and there is no suspected trauma. While the patient is sent for a brain MRI, the family history is collected and reviewed (Fig. 4) .
Maternal Inheritance
This family history is consistent with a maternal inheritance pattern, which is typically seen in mtDNA mutations. Mitochondrial diseases, caused by alterations in the mtDNA, are always maternally inherited as ova contain mitochondria, whereas any mitochondria contributed by the sperm are destroyed shortly after fertilization. Mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes most commonly presents with stroke-like episodes, encephalopathy with seizures or dementia, and myopathy during childhood [9] . However, there can be much intrafamilial phenotypic variability. Some individuals may only have hearing loss or diabetes mellitus. Identifying the pattern of symptoms in this example family is essential for appropriate diagnostic testing and counseling for other at-risk individuals. In individuals with a mild presentation, the common point mutation (m.3243A>G) may not be detectable in blood leukocytes. Urine sediment is an often an informative tissue in this population and is much less invasive than a muscle biopsy.
Additional Contributing Factors
Mitochondrial disorders that are due to nDNA alterations follow Mendelian inheritance patterns (AD, AR, XL), as outlined in case examples 1, 2, and 3. Recurrence risk counseling in these families is typically straightforward; however, phenotypic variability can lead to some ambiguity in prognosis. As in case example 4, the difficulty in accurately predicting the clinical consequences and inheritance of mtDNA abnormalities is much more complex owing to several complicating factors, including heteroplasmy, and the bottleneck and threshold effects. Heteroplasmy describes a mixture of mitochondria within 1 cell, with some containing mutant DNA and some containing normal DNA. As technology improves, there is increased ability to detect low-level heteroplasmy through blood, urine sediment, and tissue analysis. As with many genetic conditions, even after determining the underlying genotype, predicting clinical consequences is more challenging. While a mother with mtDNA alterations transmits mutant mtDNA to all of her offspring, the degree of heteroplasmy can vary from egg to egg because of the random bottleneck effect determined at an early stage during oogenesis. The "bottleneck effect" describes the restriction in the number of mitochondrial genomes during early oogenesis, thus creating a random sampling effect. This explains why a mother with a very mild presentation (possibly even asymptomatic) could have one offspring with very severe disease and another offspring with no disease symptoms at all.
The threshold effect describes the minimum amount of energy required by a cell, tissue, or organ to function properly. This threshold can vary over the course of development, during times of physiological stress (illness), and from tissue to tissue. Some tissues require more energy (i.e., brain and muscle) than others (i.e., skin) and therefore have a lower energy threshold and tolerance for mutant mitochondria. In most genetic conditions the identification of the underlying molecular defect enables one to offer targeted reproductive testing options. This becomes much more complex with mtDNA alterations. While some empiric studies of particular mtDNA mutations exist to give an approximate indication of recurrence [10] , these are not targeted to a particular individual and may be misleading. In prenatal testing, the mtDNA sampled through amniocentesis or chorionic villus sampling may not accurately reflect mutant load in most tissues at birth [11] .
While most mtDNA point mutations are maternally inherited, most mtDNA deletions are de novo, occurring either in the mother's oocyte or during embryogenesis. The 3 overlapping phenotypes associated with mtDNA deletions are Kearns-Sayre syndrome, Pearson syndrome, and progressive external ophthalmoplegia. Some mtDNA deletions will not be detectable in blood, thereby necessitating further tissue analysis through muscle biopsy. Clinical characterization and diagnosis is essential for determining whether a muscle biopsy is needed. Determining if a mtDNA deletion is maternally inherited or de novo is essential for proper genetic counseling and medical management of family members.
A genetic counselor is poised to explain the aforementioned complexities of mitochondrial disease prognosis, inheritance, and reproductive testing options in a tailored, family-centered approach. There are many psychosocial issues that may arise, including guilt, blame, and maladaptive coping in the face of uncertainty. While many of these issues are not exclusive to mitochondrial disorders, the genetic and phenotypic heterogeneity make the process of genetic counseling quite challenging in this population. The following sections summarize the main challenges encountered by providers working with patients (and families) with suspected (or confirmed) mitochondrial disease. Although these factors are described from the perspective of the genetic counselor, they are not unique to this subgroup of clinicians.
Heterogeneity of Clinical Diagnosis
The clinical heterogeneity of mitochondrial disease presents a major challenge for providers at the diagnostic stage and complicates the management of the condition. Although several mitochondrial syndromes present with wellrecognized features, most patients with abnormalities of the mitochondrial respiratory chain initially develop nonspecific multisystemic symptoms that may delay diagnosis and proper management. Whereas the former group includes patients with mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes, Leber hereditary optic neuropathy, or Leigh syndrome (subacute necrotizing encephalopathy), the latter may include patients with exercise intolerance, developmental delay, or regression, among other nonspecific clinical features. Given the variable nature of the clinical findings, these patients may come to the attention of physicians specializing in different areas of medicine [12, 13] . Although clinical variability is not a pathognomonic feature of mitochondrial disease, it is certainly a hallmark of this group of conditions. Although several attempts have been made to improve the accurate diagnosis of these ambiguous presentations of mitochondrial disease [14] , much work is still needed.
Given these circumstances, the diagnostic process is often viewed as a complex journey from the patients' perspective that is often characterized by dynamic emotions, and affected by the patients' support systems and providers. In fact, a study conducted in the UK in which 14 parents were asked to discuss their experience searching for a diagnosis for their child showed that their perception of the process could be divided into two distinct categories: the emotional experience and the sociological experience. [15] Whereas the former included the active effort of coming to terms with the health status of their child and making meaning of the situation, among other factors, the latter comprised their interactions with members of the healthcare team and their access to support systems. Interestingly, the feeling of Fig. 4 Case example 4 pedigree. The patient's mother has a history of hearing loss and diabetes. A maternal uncle died suddenly of a stroke and complications that followed in childhood. The maternal grandmother also has difficultto-control diabetes. A maternal aunt has muscle weakness and migraines, and her son has developmental delay and hemiparesis. The paternal medical history is unremarkable frustration was noted in all aspects of their journeys as they encountered obstacles in their search for a diagnosis [15] . These findings may be particularly relevant to families with suspected mitochondrial disease who may undergo extensive, and often invasive, evaluation by several specialties of medicine prior to obtaining a formal diagnosis.
In addition to the emotional and social stressors imposed on the patient throughout the diagnostic process, receiving a diagnosis of mitochondrial disease continues to leave many questions unanswered for the patient and the providers. Although much effort has been placed on maximizing diagnostic capabilities, less work has focused on understanding the psychosocial outcomes experienced by patients as they receive and cope with this new diagnosis. A qualitative study exploring the parental perceptions of the importance for achieving diagnostic certainty outlines that most parents were motivated to find a diagnosis that would lead them to more precise prognosis and intervention options [16] . However, given the variable nature of mitochondrial disease and the lack of formal treatment guidelines, a clinical diagnosis may not fulfill these expectations.
This heightened level of uncertainty, even in the presence of a confirmed clinical diagnosis, is not unique to mitochondrial disease, and is a hallmark of many variable genetic conditions. Studies exploring this phenomenon in parents of children with chromosome abnormalities, show that, owing to the lack of prognostic information and the variability in the clinical spectrum, the sense of perceived uncertainty is maintained even after a clinical diagnosis has been made [2, 17] .
Moreover, several studies have focused on the construct of uncertainty as a precursor of other undesirable psychosocial outcomes, such as anxiety, depression, and helplessness [18, 19] . However, it is important to note that positive outcomes of living with uncertainty have also been reported. In such cases, parents reported that being uncertain about the course of the disease in their children allowed them to be more hopeful for a positive outcome [20, 21] .
Although our current knowledge of how this construct specifically affects psychosocial outcomes in patients with mitochondrial disease remains unclear, findings in other populations may be particularly informative and may help providers tailor their interventions within the context of mitochondrial disease. Given their expertise in psychosocial interventions, genetic counselors may be instrumental in tailoring the counseling approach based on the patient's level of perceived uncertainty, thus facilitating effective coping strategies [3] .
Implications of Genetic Testing
Owing to the genetic complexities of mitochondrial disease, confirming a diagnosis by molecular testing may be extremely helpful from a management and preventive standpoint. As Graham [1] outlines, confirming a diagnosis of mitochondrial disease may ensure proper management and surveillance, identify relatives at risk, and allow more accurate recurrence risk information.
As shown in the case examples, identifying a causative mutation may provide additional information regarding the pattern of inheritance for the clinical phenotype. This, in turn, allows the healthcare team to provide a more accurate assessment of recurrence risk and it contributes to identifying at-risk family members. Although from a provider perspective achieving a molecular diagnosis is key, little is known about how this added knowledge impacts patients and their families.
In situations similar to case example 4, for example, obtaining a more clear understanding of the inheritance mechanism may not necessarily reduce the level of uncertainty in patients and their families. In fact, findings extrapolated from research conducted in other populations affected by genetic disorders show that the risk and benefit ratio of genetic testing from the perspective of the patient remains a poorly explored area. In a systematic review of the literature addressing the benefits and harms of undergoing genetic testing, Rew et al. [22] identified three major benefits posed by undergoing genetic testing. These include a more accurate calculation of reproductive risk, earlier access to treatments, and increased quality of life for the patient. However, they also mention that receiving results of genetic testing may cause patients to develop adverse psychosocial reactions. The study outlines the importance of an informed consent process preceding the genetic test, but fails to provide guidance for a systemic approach to deal with the possible adverse outcomes of the results. The role of genetic counselors and other professionals in the team may be extremely important in anticipating these negative outcomes and facilitating an open dialogue to identify the personal motivations driving the pursuit of genetic testing. Moreover, genetic counselors may be well suited to engage in a clear discussion with the patient, addressing the realistic expectations of this diagnostic tool.
Reproductive Planning
In addition to providing support throughout the diagnostic process and the management stages of the disease, genetic counselors play a crucial role in facilitating discussion around reproductive planning and recurrence risk of disease. As is exemplified by the cases described above, this discussion may be particularly challenging for families with a suspected mitochondrial disease. Without a confirmed molecular diagnosis, the risk of recurrence varies greatly depending on the inheritance pattern of the underlying molecular abnormality.
However, when a pathogenic mutation has been identified in a parent seeking preconception or prenatal genetic counseling, the main question becomes whether the mutation is located in the nuclear or mitochondrial genome. For mutations located in the nuclear genome, techniques such as chorionic villus sampling and amniocentesis may be available at different stages of the pregnancy to evaluate whether the fetus has inherited the abnormality. Pre-implantation genetic testing for these mutations is also available.
However, when a pathogenic mutation is identified in the mtDNA of an affected mother, the possibilities for pursuing preconception and prenatal diagnosis in the offspring are greatly hampered. The nuances of mtDNA replication and inheritance contribute an additional layer of complexity to this discussion. The use of technology such as preimplantation genetic diagnosis in this patient population still remains highly controversial and raises many ethical concerns [23] . One of the main concerns with the use of this technology in this population derives from the fact that mutant load cannot be predicted in all the tissues of the resulting embryo. In other words, the provider cannot guarantee that the resulting embryo will be completely asymptomatic, even after undergoing this procedure. Conversely, the reciprocal argument is also a considerable ethical dilemma. Given that not much is known about how mutant levels correlate with disease severity for specific mutations and within tissues, it becomes ethically challenging to determine which embryos will be implanted based on this assessment.
Another technique under research will involve the use of donor cytoplasm in cases where the biological mother is a known carrier or at risk for carrying a mtDNA mutation. This procedure would potentially eliminate the chances of passing on a mtDNA mutation from an affected mother to her offspring. The procedure involves the transfer of the maternal nDNA into a donor egg from which the nuclear DNA has been removed. The newly combined egg can then be fertilized and implanted into the womb. Although this technique is very promising, not much is known about the parental attitudes towards undergoing this procedure. However, in order to shed some light on this issue, the North American Mitochondrial Disease Consortium has directed specific efforts to explore general attitudes to the use of oocyte nuclear transfer specifically in the context of mitochondrial disease.
Conclusion
The clinical and genetic complexities of mitochondrial disease present major challenges for providers, patients, and their families. As many aspects of this heterogeneous group of diseases remain unknown, the uncertainty surrounding the diagnostic paradigm and the ongoing counseling for affected patients remains a challenge for providers. The findings reviewed by this article outline the importance of providing a holistic approach to the care of patients with suspected or confirmed mitochondrial disease.
With the rapid advancement of molecular technologies, such as whole exome sequencing, the prospect of identifying new genes that may contribute to mitochondrial function is very promising. Nevertheless, more immediate work is needed to achieve a better understanding of how patients and families deal with the uncertainty brought by this diagnosis and how well providers are able facilitate coping strategies during the difficult diagnostic journey. Moreover, additional work needs to be conducted in order to better understand how this information is communicated to and understood by the families, and how it may affect their lives, health behaviors, and reproductive planning.
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